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Abstract: A 17.8-34.8 GHz (64.6%) locking range current-reuse injection-locked frequency multiplier
(CR-ILFM) with dual injection technique is presented in this paper. A dual injection technique
is applied to generate differential signal and increase the power of the second-order harmonic
component. The CR core is proposed to reduce the power consumption and compatibility with
NMOS and PMOS injectors. The inductor-capacitor (LC) tank of the proposed CR-ILFM is designed
with a fourth-order resonator using a transformer with distributed inductor to extend the locking
range. The self-oscillated frequency of the proposed CR-ILFM is 23.82 GHz. The output frequency
locking range is 17.8-34.8 GHz (64.6%) at a 0-dBm injection power without any additional control
including supply voltage, varactor, and capacitor bank. The power consumption of the proposed
CR-ILFM is 7.48 mW from a 1-V supply voltage and the die size is 0.75 mm x 0.45 mm. The CR-ILFM
is implemented in a 65-nm CMOS technology.

Keywords: current-reuse; dual injection technique; fourth-order resonator; injection-locked fre-
quency multiplier

1. Introduction

Recently, injection-locked frequency multipliers (ILFM) have been actively studied
to realize millimeter (mm)-wave local oscillator (LO) signals [1,2]. The reason is that the
mm-wave frequency is used in fifth generation (5G) and sixth generation (6G) wireless
communications. In addition, the LO in the mm-wave band should have a low-phase noise
performance and wide tuning range in the multiband applications. To satisfy this perfor-
mance, ILFM has been used in several stages in recent years [3,4]. Meanwhile, frequency
modulated continuous wave (FMCW) radar applications also require wideband perfor-
mance in the mm-wave band including industrial-scientific-medical (ISM) bands, e.g.,
24 GHz and 77 GHz, to realize wideband chirp waveform [5,6]. The ILFM is a good solution
that can easily generate mm-wave signals using LC oscillation in various applications.

Figure 1 shows the block diagram of a conventional phase-locked loop (PLL) with
a frequency multiplier used to synthesize mm-wave signals. As can be seen from the
figure, conventional PLLs consist of a phase-frequency detector (PFD), charge pump (CP),
low-pass filter (LPF), voltage-controlled oscillator (VCO), and divider chain. Fy,r and Fout
mean the reference frequency and output frequency, respectively. The frequency multiplier
is added to synthesize the mm-wave signals without affecting the gain of the VCO (Kyco)
of the PLL [7-9]. Generally, doubler [10] and tripler [11,12] are determined according to
multiplying ratio. A frequency doubler that receives the second-order harmonic component
as an input signal consumes less power than a frequency tripler that receives the third-order
harmonic component as an input signal. Thus, in this paper, the frequency multiplier as
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a frequency doubler is proposed. There are three types of frequency multipliers: digital-
based frequency multipliers, harmonic signal multipliers, and LC-based injection-locked
frequency multipliers (ILFMs). The digital-based frequency multiplier is implemented
with digital logics and is used to multiply low frequencies, e.g., the reference frequency
of PLLs and digital clocks [13,14]. The output frequency range of digital-based frequency
multipliers has been measured to be 2.6-5.2 GHz [13] and 0.96-1.44 GHz [14]. Figure 2
shows block diagrams of the harmonic signal multiplier and LC-based ILFM. The harmonic
signal multiplier consists of harmonic generator, notch filter, and driving amplifier as
shown in Figure 2a [15,16]. The harmonic signals are generated by nonlinear devices and
are filtered with a notch filter. The filtered signal is amplified by a driving amplifier. When
a harmonic signal frequency multiplier is used as a frequency doubler, the output signal
is twice the input signal fy, i.e., 2fp. Although this method can easily generate very high
frequencies, it has critical drawbacks. Because there are harmonic components of many
orders, a large-size notch filter must be used. In addition, the harmonic components are
smaller than the fundamental signal; thus, the signal needs to be amplified, and the power
consumption of this driving amplifier is very large. The harmonic refection technique
has been proposed to obtain a high frequency roll-off for the mm-wave application [15],
and the frequency multiplier chain has been proposed to synthesize terahertz-frequency
signals [16]; their outputs are 93 GHz and 288 GHz, respectively, albeit with large power
consumption of 438 mW [15] and 284 mW [16], respectively. The LC-based ILFM consists
of an injector, LC band-pass filter (BPF), and core, as shown in Figure 2b. The injector is
designed as a non-linearity-based device and generates the harmonic components of the
input signal frequency. In the figure, I;;; is the current generated by injector, I, is the current
generated when ILFM self-oscillates, and Iy is the sum of I,-n]- and I,. BPF is designed as
a LC resonator and filters the input signal frequency. The —g;, core supplies the energy
consumed by the LC resonator. ILFM self-oscillates when an input signal is not applied
to the injector. Because ILFM is based on an oscillator-based design, it consumes less
power than the harmonic signal multiplier and operates at a higher frequency compared
to the digital-based frequency multiplier. Furthermore, ILFM can generate output signals
at a large voltage swing level with a low-power injection signal. However, ILFM has
narrow locking range. To overcome this issue, varactors and capacitor bank are often
used, although the phase noise performance degrades when the operating frequency is
very different from the self-oscillation frequency [12,17]. To design a wide locking range
and low phase noise ILFM, a high-order transformer and the current boosting technique
have been investigated [18]. ILFM with high-order transformer has a locking range of
22.8-43.2 GHz; however, the unlocking part in the locking range occurs at —1.5 dBm input
power. In addition, the sixth-order transformer design is very complex.

This block
= Frequency
VCO Multiplier
Fref_> PFD » CP »| LPF Fout
A
Divider
Chain

Figure 1. Conventional phase-locked loop with mm-wave frequency multiplier.
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Figure 2. Two kind of frequency multipliers block diagram: (a) harmonic component multiplier;

(b) injection-locked frequency multiplier (ILFM).

In this paper, the current-reuse (CR)-ILFM with dual injection technique and fourth-
order resonator using a transformer with distributed inductors is proposed. The rest of this
paper organized as follows. In Section 2, the proposed CR-ILFM is described in detail. In
addition, the progression of locking range analysis in the time domain and phase domain
is reported. Furthermore, the locking range difference of ILFMs with second- and fourth-
order resonators with a distributed inductor are simulated. In Section 3, measurement
results including the locking range, output power, and phase noise are reported. Finally, in
Section 4, the conclusions are drawn.

2. Proposed CR-ILFM
2.1. Dual Injection and Current-Reuse Core

Figure 3 shows a schematic of ILFMs with single injection and dual injection technique.
ILEM is composed of the LC-BPF (L, C1), cross-coupled pair core (M1, M), injector (M3,
M), and output buffer. The differential input signal (Vi 41, Vin—) is biased at the
injector, as shown in Figure 3a. This injector generates only even harmonic components
by non-linearity characteristic. The output signal of the injector containing the desired
2wy component, as well as the other even harmonic components, is applied to the NMOS
cross-coupled pair. Meanwhile, a PMOS injector is required to inject a differential even
harmonic signal to the core. However, it is difficult to realize because of bias issue. As a
result, injection signal is generated as unbalanced signal.

The proposed CR-ILFM can be applied dual injection by changing the core. The
couple of the injector is composed of NMOS pair (M3, My) and PMOS pair (M5, Mg) to
make harmonic components differential as shown in Figure 3b. The PMOS and NMOS
injector can generate balanced signal to the core and increase the effective power of injection
signal compared to the conventional ILFM with single injection. In addition, the couple of
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LC-BPF

injectors still cancel out odd harmonic components including the fundamental signal. The
CR core that is replaced by PMOS (M3) has the best compatibility with the dual injection
technique. This is because half of the supply voltage to fix the center-tap bias is required to
operate the PMOS and NMOS injectors at the same time. In addition, the CR core reduces
the power consumption by turning the MOSFETs on and off simultaneously [19-24].
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Figure 3. Schematic of (a) the conventional ILFM with single injection on cross-coupled pair and (b) the proposed ILFM

with dual injection on current-reuse (CR) core.
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Figure 4 shows the magnitude flow of the single and dual injection signal generated
by injector. If a sinusoid is applied to a nonlinear system, the output signal generally
exhibits frequency components that are integer multiples of the input frequency. If the
input voltage signal equal to Acos(wyt), then:

V= a+bAcosw0t+c(Acoswot)2+d(Acoswot)3+~~~ .
= (a+#) + (bA+%AS) cosw0t+#c052w0t+“ cos 3wot + - - @
where “a”, “b”, “c”, and “d” are constants, and “A” is the magnitude of the input signal. If
the differential input voltage signal is applied to the injector, then:

Vinjector =@+ bA coswot + c(A cos wot)? + d(Acoswot)® + - - -
+a—bAcoswyt + c(Acos wot)2 —d(Acos wot)3 4. (2)
= (2a+ cA?) + cA% cos2wpt + - - - .
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Figure 4. Magnitude flow of the single and dual injection signal. (a) Signal magnitude by injector; (b) magnitude of the load

impedance; (c) output signal magnitude.
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In (2), the first term on the right-hand side is a DC quantity and the second term is the
second-order harmonic. The fundamental and odd harmonic signals are canceled out. In
the frequency doubler application, second-order harmonic is the desired output signal, and
other harmonics including the fundamental tone are unwanted signals. The magnitude
of the second-order harmonic component of the proposed ILFM with dual injection is
approximately twice that of conventional ILFM with single injection. The injection signal is
convoluted with the magnitude of the load impedance, which is determined by LC-BPFE.
The magnitude of the load impedance has a 3 dB bandwidth and is not an ideal “Dirac-delta
function”. Therefore, the fundamental tone signal and other unwanted signals are also
amplified even if the load impedance is set to 2w. However, the start-up condition, which
is determined by the “Barkhausen formula” should be met to be locked:

\gml -2 =1, ®)

where g, is the transconductance of the core, and Zy is the load impedance. If the input sig-
nal is increased, the difference in magnitude between the desired signal and the unwanted
signal can eventually become similar. If the minimum operating frequency is 2f min and
the maximum operating frequency is 2fy max, then 2fomax < 4fomin should be satisfied.
Otherwise, the ILFM may be locked at the wrong frequency. When 2fo max = 4f0,min, the
maximum locking range is as follows:

Locking Range = % -100(%), 4)
min + II’lElX2 min
Locking Range 2fomax=4fomin = 00-7%- (5)

The ideally maximum locking range of injection-locked frequency doubler is 66.7%.
Figure 5 shows the phase difference of the ILFM applied conventional and proposed
injection technique in the phase domain and time domain. As shown in Figure 5a, the
phasor rotates clockwise and the current in ILFM is expressed in terms of Iy, Iso, and Iinjgw.
The current equation is:
Itot = Iso + Iinjr (6)

where the total current is sum of the self-oscillation current and injection current. The
injection current changes the phase of the output signal. The force to change the phase
determines the frequency locking range of ILFM because the phase is the integral of the
frequency. “a” is the phase difference between the self-oscillation current and total current,
or phase of the injection current. The maximum phase difference is determined when:

SiN Xmax = @, (7)

ISO

is satisfied [25]. When I;;;; and I are orthogonal to each other, the phase difference has a
maximum value. If Ly is greater than I, the circuit acts as a buffer, not an injection-locked
frequency multiplier circuit. Thus, we can assume that the following condition is satisfied:

‘Iso| > ‘Iinj

7T 7T
/_Egamax<z~ 8)

If Iy in (7) is fixed, oomax increases as the magnitude of I;,; increases. Here, I;;; can be
expressed as:

Iinj = &m,inj Vinputr )

where g, inj is the transconductance of the injector, and V,,; is the input voltage signal.
By (7) and (9),

:l

. 8m,inj Vinput T
SM&max = ——5 (_* < Amax <

I < E)' (10)

N
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To increase gy, the size of the core MOSFET must be increased. However, this method
is limited by the increase in the parasitic capacitance and harmonic signal amplitude. In the
frequency synthesizer circuit, V;,,; is the output signal of the VCO, which is limited value.
Therefore, it is more efficient to take advantage of increased magnitude by using a dual
injection technique than a single injection technique. According to (2), (10), when using the
proposed dual injection technique, Vi, and sin(aqx) are twice larger than that of when
using a conventional single injection. lit 41 is the sum of liy; 4,4 and Iso, and Iyt single is the
sum of Liyjsingle and Iso. Argyq is the difference between Is, and Iyt gy, and Aagjyge is the
difference between Is, and Iy single- As in (7), the maximum phase difference is determined
when It and I;,; are orthogonal. Ijy; 4, is larger than L single, and Aa g is larger than
Asingte- Therefore, the locking range of ILFM with dual injection technique is wider than
that of with single injection technique. As shown in Figure 5b, there are three kinds of
voltage signals. The first kind is produced when ILEM self-oscillates, and the second and
third kinds are the output signal of ILFM with single and dual injections, respectively. The
output signal of ILFM can be pushed and pulled by the injection signal, which means
that it can be changed both directions: increased frequency and decreased frequency. The
conclusions that the locking range is increased when using a dual injection technique than
when using a single injection technique are drawn to be the same in the time domain and
phase domain.

— — Self-oscillation
90° ——— Single injection

Direction of A
Voltage

rota’[io/n'

Dual injection

Increased
< N/ phase shift

Decreased
frequency

Increased
frequency

270°

(@) (b)

Figure 5. Maximum phase difference between ILFMs with single and dual injection technique in the (a) phase domain and
(b) time domain.

2.2. Fourth-Order Resonator

Figure 6 shows a block diagram of the variable resonators and magnitude plots
according to the angular frequency. Figure 6a shows a graph of the second-order resonator
consisting of L and C. This resonator has one pole; the resonance angular frequency can be
expressed as:

wy = — (11)
and its quality factor (Q) decides the 3-dB bandwidth:

Estored/ period W
- 7
Edissipated/period BW34p

Q=2n

(12)

where Egored period 1 the energy stored in the oscillating resonator, Ejissipated,period 1S the
energy dissipated per period by parasitic resistance, and BWs,p is the 3-dB bandwidth.
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Start-up

The bandwidth can be increased by reducing the parasitic resistance at the layout stage,
and there is a tradeoff between the bandwidth and magnitude. Therefore, the start-up
condition and bandwidth must be determined carefully. Figure 6b shows the increase in
the bandwidth using a fourth-order resonator. The fourth-order resonator consists of L,
Ly, Cq, and C,. If the values of both inductance and capacitance are similar, then poles can
be calculated as follows:

1 1

W) = ————, WR

A+hLCc  * JA-KkLC (13)

where “k” is the coupling factor. If the transformer is in a strong coupling, the distance
between the two poles increases. This implies a wider locking range, however, there would
be a new minimum value between the two poles. If the new minimum value is smaller
than that in the start-up condition, ILFM unlocks at the new minimum frequency. The
magnitude of the load impedance is increased by adding a distributed inductor (L3) to
the fourth-order resonator, as shown in the Figure 6¢c. The load impedance is determined
as follows:

Magnitude

Locking Range

(1 —k?)L1L,Cos® + Lys )
Z1(s) = - (1+2L3Cq57). 14
L(s) (1= k2)L1LyCiCos* + (L1Cy + LyCy)s? 41 1+ 2LsCrs7) (9
zL w - 1 v - 1 Z|_ 1
) 4 ‘ (“k‘)LC ' %Unluckmg part ® A \‘ (1
° |
g /E\V/\ Sta’;!_—gp S Start-up
g E condition ‘= condition
— g /Lo‘cking Range\ . § Luckmg Range \ .

>

Wo

R

Wi Wr  Angular

Angular
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frequency frequency frequency
C,
L,

< k(

Al B

0
A H0T]

C, C:
Core Core Core
(=gm) (-gm) (=gm)
(a) (b) (o)

Figure 6. Block diagrams of variable resonators and magnitude plots according to the angular frequency: (a) second-order
resonator; (b) fourth-order resonator; (c) fourth-order resonator with distributed inductor.

The last term in the right-hand side of (14) includes the L3 value. Therefore, the
magnitude of the load impedance can be increased by adding the distributed inductor. In
addition, L3 does not directly affect to the value of the poles. Therefore, the load impedance
can be increase by properly adjusting L1 and Ls.

Figure 7 shows the simulated bode plot with the variable resonators described in
Figure 6. Figure 7a shows the magnitude of the load impedance. The pole of the second-
order resonator exists near 24 GHz and the two poles of the fourth-order resonator are
properly separated by the coupling factor. However, there is a part that does not satisfy
the start-up condition; this part will be unlocking part. The distributed inductor is used
to increase the magnitude of the load impedance sufficiently. The range beyond the
start-up condition in the fourth-order resonator obtained using the distributed inductor is
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approximately 16-35 GHz. This is not the locking range, but simply a range that satisfies (3).
Figure 7b shows the phase plot. The maximum value of the phase, +amay, is determined
using (10). From the figure, the phase range within the £anax obtained using the fourth-
order resonator is wider than that obtained using the second-order resonator owing to
the phase ripple. Furthermore, the resonator with the distributed inductor has subtle
ripples, which greatly reduce the average slope of its phase. The locking range satisfies the
magnitude and phase conditions ((3) and (10), respectively), the simulated locking range of
the proposed ILFM is 19-35 GHz (59%).

—&— 4th order + Lp 120 —&— 4th order + Lp
450 —o— 4th order R e
i —&— 2nd order 90 —&— 2nd order
400
’g 350 = 907
§ 3004 Sstart-up I U B e
= 250 ] condition o 0
5 (Z.21/gn) =
3 200 @ B0 g N T
% 1504 L. X TR AN = g -60
= 100 .t -90 4
Unleeldiig (e Simulated Locking Range
50 -120 + 19 — 35 GHz (59%)
0 T — T - T T T T T -150 — T ‘l L — LI
12 16 24 28 32 36 40 12 16 20 24 28 32 36 40
Output Frequency (GHz) Output Frequency (GHz)
(a) (b)

Figure 7. Simulated bode plot of the ILFM with variable resonators: (a) magnitude plot; (b) phase plot.

2.3. Proposed CR-ILFM

Figure 8 shows a schematic of the proposed CR-ILFM, which consists of fourth-order
resonators (L1, Cy1, Ly, and C»), a distributed inductor (L3), CR cores (M7, M3), center-tap
generators (Mp, My), injectors (Ms5—Ms), and an output buffer. The input differential signal,
Vinjws and Vi, is applied to the injector through the DC blocking capacitor, Cpc. The
DC input signal is generated by the center-tap generator, which is one of the reference bias
circuits. Vcr is fixed at half of the supply voltage because the current flow in My and My
are approximately same. The additional external control is not required, and the circuit
is simplified because the center-tap generator is integrated. If the values of Vj,; pc and
Ver are separated to control the DC, the capacitive coupling from the external node, such
as RF pads and printed circuit boards (PCBs), will be stronger. Meanwhile, the size of
the center-tap generator is greater than that of the core because it should not affect the
operation of the core. The output signal is from the primary coil. Generally, the node of the
secondary coil is connected to the output node in the mm-wave applications. However,
the signal from the secondary coil is very small because the signal is induced by weak
inductive coupling. If the output node is connected directly to the primary coil node, the
resonant frequency can be lowered because the input capacitance is added. Therefore, C;
should be determined by considering the input capacitance of the output buffer to obtain
large power of the output signal and to obtain the desired resonance frequency. Table 1
lists the design parameters of the proposed CR-ILFM. As shown in Table 1, C; is 79 fF. The
input capacitance of the output buffer is 26.3 fF, the effective primary resonator capacitance
is 105.3 fF, and the coupling factor is designed to be 0.3.
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Figure 8. Schematic of the proposed current-reuse injection-locked frequency multiplier (CR-ILFM).

Table 1. Design parameters of the proposed current-reuse injection-locked frequency multi-

plier (CR-ILFM).

Design Parameter Value
NMOS unit size (W /L) 2 mm/0.06 mm
PMOS unit size (W/L) 5 mm/0.06 mm

Finger of M1, M3 15
Finger of My, My 50
Finger of Ms-Mg 12
Lq 72 pH
L 151 pH
Ls 160 pH
k 0.3
C1 79 {fF
Cy 190 fF

3. Measurement Results

Figure 9 shows the measurement setup for the proposed CR-ILFM. The measurements
were made using a power supply to bias the DC signal, signal generator for an input
signal, signal analyzer for the output signal, and the probe station. In the probe station,
the RF pads of the device under test (DUT) were connected using a ground-signal-ground
(GSG) tip, and the RF cable was used to connect the device. The GSG tip and RF cable
have a loss of approximately 2.5 dB and 3 dB, respectively. The above loss calibration is
performed based on 28 GHz. An Anritsu’s MG3694C (Atsugi, Kanagawa, Japan), which
can generate signals from 1 Hz to 40 GHz, is used as signal generator, and a KEYSIGHY’s
N9030B (Keysight, Santa Rosa, CA, USA) which can analyze signals from 2 GHz to 50 GHz,
is used as a signal analyzer. The power consumption of the proposed CR-ILFM core
is 7.48 mW, and the output buffer consumes 2.9 mW from the 1 V power supply. This
power consumption is analyzed when the CR-ILFM is operated at 28 GHz with a power of
0 dBm injection signal. As the input frequency decreases and the power of the input signal
decreases, the power consumption of the CR-ILFM decreases slightly.
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Figure 9. Measurement setup for the proposed CR-ILFM.

Figure 10a shows a schematic of the measurement environment of the overall CR-
ILFM. The balun consists of Lg; and Lg; and is integrated with the CR-ILFM; Cpyy is the
parasitic capacitance of the GSG RF pads, which is very small. The input source and
resistance of 50 () are the signal generator model; Cgsg is the parasitic capacitance of the
GSG probe tip; Cpuatching is used to move the self-resonance frequency, which induces a high
impedance and can cause loss of input signals, to the unused frequency band. Figure 10b
shows the die photograph of the proposed CR-ILFM, which includes the balun. The die
size including RF pads and balun is 0.75 mm x 0.45 mm and the size of the core chip
including the core, balun, and output buffer is 0.52 mm x 0.25 mm.

Fourth order resonator

& distributed inductor

~
CGSG—

- Cpad:|l: LBl L|32—|—Cmatching ILFM

A Output
() CR- | (2R
-

|||—

(a) (b)

Figure 10. (a) Modeling of the measurement environment of the overall CR-ILEM; (b) die photograph.

Figure 11a shows the simulated locking range of the ILFMs. The locking range of ILFM
with second- and fourth-order resonator is 22-28.4 GHz and 20-28.8 GHz, respectively.
However, there is an unlocking part between approximately 23 GHz and 25 GHz. The
proposed ILFM has a locking range between 19 GHz and 35 GHz at an input signal power
of 0 dBm. Figure 11b shows the simulated and measured (with 1-V supply voltage) locking
range of the proposed CR-ILFM. From the figure, the simulated locking range is 19-35 GHz
(59%). The measurement results show that the lower and higher operating frequencies
are decreased by 1.2 GHz and 0.2 GHz, respectively, compared to the simulated results.
The operating frequency decreased despite considering pressure-voltage-temperature
(PVT) variations and the parasitic capacitance in the simulations owing to the parasitic
components introduced by the probe station setup and wire bonding and various coupling
effects in the PCB.

Figure 12a shows the measured output power of the proposed CR-ILFM when the
0-dBm input power is applied from 1-V supply voltage. The CR-ILFM has the highest
output power at a free-running frequency of 24 GHz. The measured output power is
calibrated values for 2.5-dB loss of RF cable and 3-dB loss of GSG pin. The measured phase
noise is shown as Figure 12b. The phase noise of 12-GHz input signal is about 6 dB better
than that of 24-GHz output signal of the CR-ILFM. It is very similar to the theoretical phase
noise difference value. The phase noise of the output signal is —99.9 dBc/Hz at 100 kHz
and —123.5 dBc/Hz at 1 MHz.
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Figure 11. (a) Simulated locking range of the ILFMs; (b) comparison locking range between simulated and measured
locking range of the proposed CR-ILFM.
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Figure 12. (a) Measured output power when the 0-dBm input power is applied and (b) measured phase noise.

Figure 13 shows the full-span spectrum of the output signal of the proposed CR-
ILEM. The output power is —13.74 dBm and the free-running frequency is 23.82 GHz,
and there are no harmonic components when the CR-ILFM self-oscillates as shown in
Figure 13a. Figure 13b shows the full-span spectrum of the output signal when the CR-
ILFM is locked at 24-GHz. In this case, the output power is —11.73 dBm, and the harmonic
rejection ratio (HRR) between the desired signal and fundamental tone is approximately
25 dBc, and that of the third-order harmonic is 22 dBc. Figure 13c,d show the full-span
output signal spectrums when the CR-ILFM is locked at the minimum and maximum
frequency, respectively. The output powers are —31.17 dBm and —21.87 dBm. The HRRs
are approximately greater than 10 dBc. The proposed CR-ILFM can be locked at the higher
and lower frequency ranges, but the HRR will be reduced. Therefore, the locking range of
the CR-ILFM is defined as 17.8 GHz to 34.8 GHz, with an HRR of approximately 10 dBc.
All measured spectrum results are obtained with a 0 dBm input power applied froma 1V
supply voltage.
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Figure 13. Full-span spectrum of the output signal of the proposed CR-ILFM. (a) Self-oscillation. (b) 24 GHz locking.
(c) 17.8 GHz locking (minimum locking frequency). (d) 34.8 GHz locking (maximum locking frequency).

Table 2 presents the performance values of different mm-wave ILFMs. The CR-
ILEM developed in this study has the widest locking range (64.6%) and highest figure
of merit (FoM) values among the investigated ILFMs. Furthermore, the other ILFMs do
not show full-span spectrums at the edge frequency of the locking range. Thus, HRR
at the edge frequency of the locking range are unknown. Reference [18] is expected
to output unwanted harmonic components at edge frequency of the locking range. In
Reference [26], a reasonable locking range (53.1%) was obtained because a dual injector was
used. Generally, the output power of ILFMs with a multiplication ratio of 2 or 2.5 [26,27] is
larger than that of ILFMs with a multiplication ratio of 3 [11,25,28,29]. The ILFM developed
in this study has the largest output power among the LC-based ILFMs investigated. An
injection-locked ring-oscillator (ILRO) with several digital logic stages was previously
developed [30]. Although ILRO has a large output power, owing to the several gain stages,
it also has large power consumption.
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Table 2. Performance comparison of mm-wave ILFMs.

This Work [18] [26] [8] [11] [27] [28] [29] [30]
19'MTT 14'JSSC 18'JSSC 19'TCAS1 13'MTT 18'JSSC 08'MTT 19'JSSCL
Technol 65-nm 65-nm 65-nm 65-nm 130-nm 40-nm 130-nm 180-nm 28-nm
echnology CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS
. ILFM with ILEM with
Sixth-order fr nCy- fr ncy- Subharmoni
Core topology CR-ILFM ICB-ILFM resonator- equency HPS-ILFM CR-ILFM equency v onie ILRO
tracking tracking ILEM
based ILFM
loop loop
Self-oscillation frequency (GHz) 23.82 - 28.1 29.25 24.44 50 30.1 26.49 -
Input signal power (dBm) 0 0 - - 0 -5 - 4 -6
Output freq. GHz 17.8-34.8 22.8-432" 20.6-35.5 26.5-29.7 22.5-26.5 22.8-24.4 26.5-29.7 33.9-48.6 49.25-50.33
locking range % 64.6 61.8 53.1 114 14.8 12.7 114 35 6.1
Output signal power (dBm) —6.23 -20 —14.49 *** - —-17 —14.36 *** —23.3 #xx —6.85 1
Phase noise At 100 kHz —99.9@24 G —947@28G  —84.0@255G  —92.6@293G  —130@265G —110@2445G —86.8@265G —1225@39.6 G -
(dBc/Hz) At1MHz —1235@24 G —1140@28G  —1124@255G —115.6@293G  —132@265G  —115@24.45G —106.8@265G —1265@39.6G —117.7@49.8G
Output phase type Diff. Diff. Diff. Quad. Quad. Diff. Quad. Diff. Diff.
Supply voltage (V) 1 1.2 2.5 0.9-1.35 1.3 1.1 1.3 1.5 0.9
Total power consumption (mW)  10.38 (7.48 *) 14.8 (5.0 %) 21.8 24.3 10.4 (253 %) 49.7 2.95 34 (25 %)
FoM (%/mW) 6.22 4.18 2.44 0.47 1.22 2.41 0.23 5.02 1.4
Chip size (mm?) 0.75 x 0.45 0.67 x 0.70 1.85 x 1.13™ 0.85 x 0.55 0.5 x 0.25 t 0.55 x 0.36 0.28 x 0.55 t 0.66 x 0.69 0.1 mm?

FoM: Locking range/power consumption [%/mW]. *:

1: Only core size.

Only core power consumption. **: On-chip PLL signal source. ***: Without loss calibration. ": Phase noise degradation. **: Including multiple ILFM sizes.
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4. Conclusions

In this paper, the CR-ILFM with a 64.6% locking range is proposed. A dual injection
technique is applied to generate balanced even harmonic components while decreasing the
power of the fundamental tone and odd harmonic components. The CR core is adopted
to reduce the power consumption and fit the proper interface with the NMOS and PMOS
injectors. The proposed CR-ILEM core dissipates 7.48 mW from a 1-V supply voltage.
The fourth-order resonator with distributed inductor is proposed to widen the locking
range. The output frequency locking range is determined to be 17.8-34.8 GHz (64.6%)
when a 0-dBm input power is applied. The proposed CR-ILFM does not require addi-
tional control components, such as varactors and external bias circuits. The die size is
0.75 mm X 0.45 mm, and the CR-ILFM is implemented in a 65-nm CMOS technology.

Author Contributions: Conceptualization, K.-1.O. and D.B.; methodology, K.-1.O.; software, K.-1.O.;
validation, K.-L.O., G.-HK,, and D.B.; formal analysis, K.-L.O.; investigation, K.-.O. and G.-S.K,;
resources, K.-1.O.; data curation, K.-1.O.; writing—original draft preparation, K.-1.O., ].-G.K., and D.B.;
writing—review and editing, K.-1.O. and D.B.; visualization, K.-1.O. and D.B.; supervision, K.-1.O.
and D.B.; project administration, K.-1.O., ].-G.K., and D.B.; funding acquisition, D.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Institute for Information and Communications Technology
Planning and Evaluation (IITP) grant funded by the Korean Government (MSIT) (No.2019-0-00138,
Development of Intelligent Radar Platform Technology for Smart Environments), Basic Science Re-
search Program through the National Research Foundation of Korea (NRF) funded by the Ministry of
Education (NRF-2020R1F1A1074076) and the Chung-Ang University Graduate Research Scholarship
in 2020.

Acknowledgments: The authors would like to thank all authors of previous papers for approving
the use of their published research results in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhou, L.; Wang, C.-C.; Chen, Z.; Heydari, P. A W-band CMOS receiver chipset for millimeter-wave radiometer systems. IEEE ].
Solid-State Circuits 2011, 46, 378-391. [CrossRef]

2. Monaco, E.; Pozzoni, M.; Svelto, F.; Mazzanti, A. Injection-locked CMOS frequency doublers for p-wave and mm-wave
applications. IEEE . Solid-State Circuits 2010, 45, 1565-1574. [CrossRef]

3. Kim, H.-T;; Park, B.-S.; Song, S.-S.; Moon, T.-S.; Kim, S.-H.; Kim, J.-M.; Chang, J.-Y.; Ho, Y.-C. A 28-GHz CMOS Direct Conversion
Transceiver with Packaged 2 x 4 Antenna Array for 5G Cellular System. IEEE |. Solid-State Circuits 2018, 53, 1245-1259. [CrossRef]

4. Park, K.; Kim, D.; Lee, I; Jeon, S. W-Band Injection-Locked Frequency Octupler Using a Push-Push Output Structure. IEEE Trans.
Microw. Theory Tech. 2019, 29, 822-825. [CrossRef]

5. Park, J; Ryu, H,; Ha, K.-W,; Kim, ]J.-G.; Baek, D. 76-81-GHz CMOS Transmitter with a Phase-Locked-Loop-Based Multichirp
Modulator for Automotive Radar. IEEE Trans. Microw. Theory Tech. 2015, 63, 1399-1408. [CrossRef]

6.  Mitomo, T.; Ono, N.; Hoshino, H.; Yoshihara, Y.; Watanabe, O.; Seto, I. A 77 GHz 90 nm CMOS Transceiver for FMCW Radar
Applications. IEEE ]. Solid-State Circuits 2010, 45, 928-937. [CrossRef]

7.  Lee, ]J.-Y,;Kim, G.S.; Ko, G.-H.; Oh, K.-I; Park, J.G.; Baek, D. Low Phase Noise and Wide-Range Class-C VCO Using Auto-Adaptive
Bias Technique. Electronics 2020, 9, 1290. [CrossRef]

8. Yoo, S.; Choi, S.; Kim, J.; Yoon, H.; Lee, Y.; Choi, J]. A Low-Integrated-Phase-Noise 27-30-GHz Injection-Locked Frequency
Multiplier with an Ultra-Low-Power Frequency-Tracking Loop for mm-Wave-Band 5G Transceivers. IEEE . Solid-State Circuits
2018, 53, 375-388. [CrossRef]

9. Kang, C.-W.,; Moon, H.; Yang, ].-R. Switched-Biasing Techniques for CMOS Voltage-Controlled Oscillator. Sensors 2021, 21, 316.
[CrossRef]

10. Li, S.; Chi, T.; Huang, T.-Y,; Huang, M.-Y,; Jung, D.; Wang, H. A Buffer-Less Wideband Frequency Doubler in 45-nm CMOS-SOIL
with Transistor Multiport Waveform Shaping Achieving 25% Drain Efficiency and 46-89 GHz Instantaneous Bandwidth. IEEE ].
Solid-State Circuits Lett. 2019, 2, 25-28. [CrossRef]

11.  Shin, D.; Koh, K.-]. 24-GHz Injection-Locked Frequency Tripler with Third-Harmonic Quadrature Phase Generator. IEEE Trans.
Circuits Syst. Ireg. Pap. 2019, 66, 2898-2906. [CrossRef]

12.  Shin, S.; Utomo, D.R,; Jung, H.; Han, S.-K,; Kim, J.; Lee, S.-G. Wide Locking-Range Frequency Multiplier by 1.5 Employing

Quadrature Injection-Locked Frequency Tripler with Embedded Notch Filtering. IEEE Trans. Microw. Theory Tech. 2019,
67,4791-4802. [CrossRef]


http://doi.org/10.1109/JSSC.2010.2092995
http://doi.org/10.1109/JSSC.2010.2049780
http://doi.org/10.1109/JSSC.2018.2817606
http://doi.org/10.1109/LMWC.2019.2946112
http://doi.org/10.1109/TMTT.2015.2406071
http://doi.org/10.1109/JSSC.2010.2040234
http://doi.org/10.3390/electronics9081290
http://doi.org/10.1109/JSSC.2017.2749420
http://doi.org/10.3390/s21010316
http://doi.org/10.1109/LSSC.2019.2918943
http://doi.org/10.1109/TCSI.2019.2912422
http://doi.org/10.1109/TMTT.2019.2937480

Electronics 2021, 10, 1122 15 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Megawer, K.M.; Elkholy, A.; Coombs, D.; Ahmed, M.G.; Elmallah, A.; Hanumolu, PX. A 5 GHz 370 fsrms 6.5 mW Clock Multiplier
Using a Crystal-Oscillator Frequency Quadrupler in 65 nm CMOS. In Proceedings of the 2018 IEEE International Solid-State
Circuits Conference (ISSCC) Digest of Technical Papers, San Francisco, CA, USA, 11-15 February 2018; pp. 392-394.

Choi, S.; Yoo, S.; Choi, J. A 185 fsrms-Integrated-Jitter and —245 dB FOM PVT-Robust Ring-VCO-Based Injection-Locked
Clock Multiplier with a Continuous Frequency-Tracking Loop Using a Replica-Delay Cell and a Dual-Edge Phase Detector. In
Proceedings of the 2016 IEEE International Solid-State Circuits Conference (ISSCC) Digest of Technical Papers, San Francisco, CA,
USA, 31 January—4 February 2016; pp. 194-196.

Mazor, N.; Socher, E. Analysis and Design of an X-Band-to-W-Band CMOS Active Multiplier with Improved Harmonic Rejection.
IEEE Trans. Microw. Theory Tech. 2013, 61, 1924-1933. [CrossRef]

Jameson, S.; Socher, E. A 0.3 THz Radiating Active 27 Frequency Multiplier Chain with 1 mW Radiated Power in CMOS 65-nm.
IEEE Trans. Terahertz Sci. Technol. 2015, 5, 645-648. [CrossRef]

Lai, W.-C,; Jhuang, J.-W,; Jang, S.-L.; Lin, G.-Y.; Hsue, C.W. Wide-Band Injection-Locked Frequency Doubler. In Proceedings of the
IEEE Asia Pacific Conference on Circuits and Systems, JEJU, Jeju Island, Korea, 25-28 October 2016; pp. 265-268.

Zhang, J.; Liu, H; Wu, Y.; Zhao, C.; Kang, K. An Injection-Current-Boosting Locking-Range Enhancement Technique for
Ultra-Wideband mm-Wave Injection-Locked Frequency Triplers. IEEE Trans. Microw. Theory Tech. 2019, 67, 3174-3186. [CrossRef]
Ha, K.-W.; Ryu, H.; Lee, ].-H.; Kim, ].-G.; Baek, D. Gm-Boosted Complementary Current-Reuse Colpitts VCO with Low Power
and Low Phase Noise. IEEE Microw. Wirel. Compon. Lett. 2014, 24, 418-420. [CrossRef]

Ha, K-W.; Ryu, H,; Park, J.; Kim, J.-G.; Baek, D. Transformer-Based Current-Reuse Armstrong and Armstrong-Colpitts VCOs.
IEEE Trans. Circuits Syst. Express Briefs 2014, 61, 676-680. [CrossRef]

Ryu, H.; Ha, KW.; Baek, D. Low-power quadrature voltage-controlled oscillator using current-reuse and transformer-based
Armstrong topologies. Electron. Lett. 2016, 52, 462-464. [CrossRef]

Yun, S.J.; Shin, S.-B.; Choi, H.-C.; Lee, S.-G. A 1 mW Current-Reuse CMOS Differential LC-VCO with Low Phase Noise. In
Proceedings of the 2005 IEEE International Solid-State Circuits Conference (ISSCC) Digest of Technical Papers, San Francisco, CA,
USA, 10 February 2005; pp. 540-541.

Ha, K.-W,; Sung, E.-T.; Baek, D. Low-power transformer-based current-reuse injection-locked frequency divider. Electron. Lett.
2015, 51, 161-162. [CrossRef]

Oh, K.-L; Ko, G.-H.; Kim, ].-G.; Baek, D. An 18.8-33.9-GHz, 2.26-mW Current-Reuse Injection-Locked Frequency Divider for
Radar Sensor Applications. Sensors 2021, 21, 2551. [CrossRef]

Zhang, J.; Cheng, Y.; Zhao, C.; Wu, Y.; Kang, K. Analysis and Design of Ultra-Wideband mm-Wave Injection-Locked Frequency
Dividers Using Transformer-Based High-Order Resonators. IEEE |. Solid-State Circuits 2018, 53, 2177-2189. [CrossRef]

Li, A;; Zheng, S; Yin, J.; Luo, X,; Luong, H.C. A 21-48 GHz Subharmonic Injection-Locked Fractional-N Frequency Synthesizer
for Multiband Point-to-Point Backhaul Communications. IEEE ]. Solid-State Circuits 2014, 49, 1785-1799. [CrossRef]

Feng, P-H.; Liu, S.-I1. A Current-Reused Injection-Locked Frequency Multiplication/Division Circuit in 40-nm CMOS. IEEE Trans.
Microw. Theory Tech. 2013, 61, 1523-1532. [CrossRef]

Shin, D.; Koh, K.-J. An Injection Frequency-Locked Loop Autonomous Injection Frequency Tracking Loop with Phase Noise
Self-Calibration for Power-Efficient mm-Wave Signal Sources. IEEE |. Solid-State Circuits 2018, 53, 825-838. [CrossRef]

Chen, M.-C.; Wu, C.-Y. Design and Analysis of CMOS Subharmonic Injection-Locked Frequency Triplers. IEEE Trans. Microw.
Theory Tech. 2008, 56, 1869-1878. [CrossRef]

Bassi, M.; Boi, G.; Padovan, F; Fritzin, J.; Martino, 5.D.; Knauder, D.; Bevilacaqua, A. A 39-GHz Frequency Tripler with >40-dBc
Harmonic Rejection for 5G Communication Systems in 28-nm Bulk CMOS. IEEE |. Solid-State Circuits Lett. 2019, 2, 107-110.
[CrossRef]


http://doi.org/10.1109/TMTT.2013.2252914
http://doi.org/10.1109/TTHZ.2015.2439056
http://doi.org/10.1109/TMTT.2019.2907254
http://doi.org/10.1109/LMWC.2014.2313582
http://doi.org/10.1109/TCSII.2014.2331112
http://doi.org/10.1049/el.2015.4043
http://doi.org/10.1049/el.2014.4052
http://doi.org/10.3390/s21072551
http://doi.org/10.1109/JSSC.2018.2822710
http://doi.org/10.1109/JSSC.2014.2320952
http://doi.org/10.1109/TMTT.2013.2249526
http://doi.org/10.1109/JSSC.2017.2782762
http://doi.org/10.1109/TMTT.2008.926566
http://doi.org/10.1109/LSSC.2019.2930198

	Introduction 
	Proposed CR-ILFM 
	Dual Injection and Current-Reuse Core 
	Fourth-Order Resonator 
	Proposed CR-ILFM 

	Measurement Results 
	Conclusions 
	References

